Toll-like receptors (TLRs) are membrane-bound sensors that detect and respond to microbial infection. Two studies in Cell, one in this issue, reveal how TLRs recognize their ligands. Kim et al. (2007) recently reported the structure of TLR4 bound to the accessory protein MD-2 and its antagonist, the drug eritoran. In this issue, Jin et al. (2007) describe the crystal structure of a complex between TLR1, TLR2, and a lipopeptide ligand.
Polar transport of the plant hormone auxin mediates axis formation in organ establishment, directional growth responses (tropisms), and numerous other processes. Plant cells display an unequal distribution of auxin efflux carriers at their surface such that the aligned polarity of the auxin-secreting cells imposes directionality on auxin transport. Important components of the auxin efflux machinery include integral plasma-membrane proteins named PINs whose localization correlates well with polar auxin transport. PIN proteins are dynamically relocated during development, and individual PINs display different, tissue-specific preferences for one particular side of a cell. For example, the PIN1 protein is localized at the basal end of inner cells, facilitating auxin flow toward the root pole. In contrast, PIN1 and PIN2 proteins accumulate at the apical end of epidermal cells, facilitating auxin flow toward the shoot pole. Such distinct localization patterns suggest the presence of protein-targeting pathways of considerable complexity. PIN proteins are indeed continuously trafficked through endosomal compartments, which is central to their correct localization and function (Geldner et al., 2003) . However, the mechanism of apical versus basal targeting of PIN proteins is poorly understood as are the specific sorting signals of PINs and the endosomal compartments that are part of their trafficking routes. Two papers in this issue of Cell (Jaillais et al., 2007; Michniewicz et al., 2007) now shed light on these aspects of PIN polar transport and help us to appreciate the distinct nature of plant endosomal trafficking.
An initial hint at signals guiding PIN trafficking was provided by the discovery that overexpression or inactivation of the serine threonine protein kinase PINOID (PID) promoted apical or basal localization of PIN1, respectively, suggesting a major role of phosphorylation in targeting PIN proteins to opposite cell surfaces (Friml et al., 2004) . PID kinase interacts with and appears to be activated by the membrane-associated 3-phosphoinositide-dependent protein kinase 1 (PDK1) (Zegzouti et al., 2006) . Michniewicz et al. (2007) now report antagonistic effects of PID kinase and trimeric serine threonine protein phosphatase 2A (PP2A) on PIN localization. PP2As have a fairly broad spectrum of activity, which is controlled by their regulatory subunits. In the model plant Arabidopsis, mutations in two regulatory A subunits display severe pleiotropic phenotypes (Zhou et al., 2004) . Following the identification of an A subunit isoform that modifies the action of an auxin transport inhibitor, the authors now analyze knockouts of two or three regulatory A subunits as well as knock-down of these subunits through RNA interference (RNAi). These plants have defects in root development and PIN localization similar to the defects caused by PID overexpression or by multiple mutations in PIN genes. In addition, PID and PP2A subunit A partially colocalized with PIN1 and PIN2 at the plasma membrane, suggesting that PIN proteins might be direct substrates of these opposing enzymes. Indeed, PID could phosphorylate PIN proteins in vitro, and PID overexpression or pp2aa mutations increased PIN protein phosphorylation (on serine or threonine residues in the central hydrophilic loop) in vivo. Taken together, these results suggest that PIN proteins accumulate at the apical plasma membrane if PID activity is high, but at the basal plasma membrane if PID activity is low. It remains to be determined whether PP2A is specific to this process and whether it prevents activation of PID by autophosphorylation (Zegzouti et al., 2006) or counteracts PID by directly acting on PIN proteins. However, targeting of PIN appears to be more complex than this. When both PIN1 and PIN2 are expressed in the same cell of the root epidermis, they accumulate at opposite ends suggesting that the presence and localization of PID in itself does not determine PIN targeting (Wisniewska et al., 2006) . It is also unclear whether broad localization of PP2A confers any spatial regulation or simply fulfils a crucial, but possibly constitutive function of counteracting PID.
Targeting of PIN1 protein to the basal plasma membrane requires PIN1 recycling from the plasma membrane to endosomes and is mediated by GNOM, an endosomal GDP/GTP exchange factor for ARF GTPases (Geldner et al., 2003 Polar transport of the signaling molecule auxin is critical for plant development and depends on both the polar distribution of auxin efflux carriers, which pump auxin out of the cell and the alignment of these polarized cells. Two papers in this issue of Cell (Michniewicz et al., 2007; Jaillais et al., 2007) address how polar transport of these carriers occurs and describe the endosomal pathways involved.
through endosomes expressing SORT-ING NEXIN 1 (SNX1), which are sensitive to the phosphatidylinositol-3-OH kinase (PI-3K) inhibitor wortmannin and distinct from GNOM-positive endosomes (Jaillais et al., 2006) . SNX1 is a component of the conserved retromer complex, which mediates retrograde transport from endosomal multivesicular bodies to the trans-Golgi network in yeast and mammals (Bonifacino and Rojas, 2006; Figure 1, left) . In their new work, Jaillais et al. (2007) address the trafficking role of VPS29, which is the retromer component in Arabidopsis that exists as a single copy and has been localized to multivesicular bodies in plants (Oliviusson et al., 2006) . Plant vps29 mutants are affected in vacuolar trafficking of a storage protein, consistent with a conserved retromer function (Shimada et al., 2006) . Surprisingly, Jaillais et al. now observe intracellular accumulation of PIN1 and, to a lesser degree, PIN2 (but not that of several other plasma membrane-localized proteins) in vps29 mutants. This finding suggested that VPS29 is involved in PIN endosomal recycling. Indeed, VPS29 colocalized with SNX1 and mammalian Rab5-related endosomal RabF2. Furthermore, SNX1-positive, but not GNOM-positive, endosomes were morphologically altered in vps29 mutants. Additional data suggested that endocytosed PIN1 might first traffic through GNOM-positive endosomes and then be recycled through SNX1-positive endosomes to the plasma membrane. The authors propose a new role for the retromer in cargo-selective, endosomal recycling to the plasma membrane (Figure 1, middle) . However, the results are also consistent with an alternative scenario that would be more in line with the known function of the retromer in endosome-transGolgi network trafficking. Inactivation of the retromer would cause inhibition of anterograde traffic from the transGolgi network, which in plants acts as an early endosome (Dettmer et al., 2006) and thus could impair recycling of endocytosed cargo indirectly ( Figure  1, right) . The dependence of PIN recycling on retromer activity has an interesting parallel in animals. Long-range gradient formation of the signaling molecule Wnt in the nematode Caenorhabditis elegans and in mammals seems to require retromer function, but the mechanistic details are not as well understood in this case. These two new studies provide starting points for future mechanistic analysis of the amazingly flexible specification of apical-basal polarity in plants. One problem to address is how phosphorylation of PIN1 affects endosomal sorting and how phosphorylated PIN1 is diverted from the basal GNOMdependent pathway to the apical recyling pathway. The phosphorylated PIN1 protein might provide a useful tool to identify compartments and mechanisms of the apical recycling pathway. In this context, it will be important to see how retromer function and the SNX1 endosomal compartment are involved in this trafficking decision. Finally, both of these new papers use the Arabidopsis root meristem for their studies and testify to the power of this system for the elucidation of axial polarity in plants, comparable to Madin-Darby Canine Kidney (MDCK) cultured epithelial cells that have been instrumental in studying epithelial polarity in mammals. Friml, J., Yang, X., Michniewicz, M., Weijers, D., Quint, A., Tietz, O., Benjamins, R., Ouwerkerk, P.B., Ljung, K., Sandberg, G., et al. (2004) . Science 306, [862] [863] [864] [865] Geldner, N., Anders, N., Wolters, H., Keicher, J., Kornberger, W., Muller, P., Delbarre, A., Ueda, T., Nakano, A., and Jürgens, G. (2003) . The retromer protein complex mediates retrograde traffic to the trans-Golgi network in yeast and mammals (left), and probably in plants as well. In plants, the trans-Golgi network also serves as an early endosome, whereas sorting seems to occur in a separate sorting/recycling endosome (middle and right). As a consequence of retromer inactivation (big "X"), anterograde traffic from the trans-Golgi network is also inhibited (small "X"). Inactivation of the retromer subunit VPS29 by genetic mutations blocks recycling of internalized PIN1 proteins to the plasma membrane, leading Jaillais et al. (2007) to propose a direct role of the retromer complex in PIN1 recycling from the SNX1 endosome (multivesicular body) (middle). An alternative more conservative model posits that impairment of PIN1 recycling from the GNOM endosome is an indirect consequence of blocking anterograde traffic from the trans-Golgi network/early endosome to the sorting/recycling endosome (right). GNOM, endosomal ARF-GEF in PIN1 recycling; SNX1, sorting nexin 1 subunit of retromer. Blue arrow, secretory pathway; red arrow, endocytic pathway; purple arrow, recycling pathway.
Nearly 20 years ago, Charles A. Janeway, Jr. proposed the existence of an innate immune recognition mechanism that would identify conserved molecular structures expressed by microbes but not by eukaryotic hosts (Janeway, 1989) . Such a recognition mechanism (termed pattern recognition) was hypothesized to enable a eukaryotic host to reliably detect a microbial infection. This hypothesis has since been confirmed with the identification of several families of pattern recognition receptors, of which Toll-like receptors (TLRs) are the best characterized. All TLRs have a common domain organization, with an extracellular recognition domain consisting of leucine-rich repeats (LRRs), a single transmembrane domain, and an intracellular Toll/IL-1 receptor homology (TIR) signaling domain. TLR4 signaling is activated in response to bacterial lipopolysaccharide (LPS), the bacterial component responsible for endotoxic shock, whereas TLR2 signaling is activated in response to a variety of both bacterial and fungal cell wall components. A variety of LRR domain-containing proteins have been crystallized, revealing that these domains form horseshoe-like structures with parallel β strands forming the concave face and the convex surface composed of loops and a type of secondary structure known as 3 10 helices. The first structure of an LRR protein bound to its ligand-RNase inhibitor bound to RNase-revealed that the protein-protein interactions occur at the concave face of the LRR horseshoe structure (Kobe and Deisenhofer, 1995) . However, although the microbial ligands that activate TLRs are well known, the mechanism of TLR-mediated pattern recognition has remained a mystery largely because TLRs have been refractory to crystallographic analysis.
In a recent issue of Cell, Kim, Lee, and their colleagues (Kim et al., 2007) report a clever new approach (termed the hybrid LRR technique) to crystallize TLRs. They describe crystal structures of the TLR4 extracellular domain in complex with MD-2, a soluble protein required for TLR4 signaling. They also present the structure of TLR4 in complex with MD-2 bound to eritoran, an analog of LPS that antagonizes TLR4 signaling. Due to this ability to antagonize TLR4 signaling, eritoran is currently in phase III clinical trials for the treatment of severe sepsis. Meanwhile, in this issue, Jin, Lee, and their colleagues (Jin et al., 2007) apply their method to crystallize the complex of TLR1 and TLR2 extracellular domains bound to a synthetic lipopeptide agonist Pam 3 CSK 4 .
Their elegant strategy involves the use of hybrid proteins consisting of portions of mouse or human TLR-LRR domains fused to LRRs from variable lymphocyte receptor (VLR) proteins found in hagfish. Using a series of overlapping fusion constructs, Kim et al. were able to generate the first structure of the TLR4-LRR domain. One novel feature of the TLR4-LRR domain is that it possesses a three-domain architecture in which the entire LRR can be subdivided into N-terminal, central, and C-terminal subdomains, each with characteristic structural features and with sharp demarcations at the subdomain junctions. Kim et al. (2007) also discovered that some TLR-VLR hybrids could bind to MD-2 or to MD-2 in complex with eritoran and could also 
